Several lines of evidence suggest that central endogenous opioid peptides and receptors are involved in the regulation of salt ingestion. β-endorphin, comprising one of these, plays a key role in the modulation of salt hedonic palatability and sodium appetite, as well as in dietary-sodium-overload induced sympathetic and pressor responses. [1] [2] [3] [4] [5] Previous results from our laboratory indicated that β-endorphin knockout mice and heterozygous mutant mice consume approximately 50% less 2% NaCl solution than wildtype mice after sodium depletion, suggesting that β-endorphin facilitates induced sodium appetite. 3 On the other hand, our results also showed that endogenous β-endorphin is implicated in the compensatory response to body sodium overload. 6, 7 This was demonstrated by β-endorphin knockout mice displaying increased systolic blood pressure, urinary epinephrine excretion and median preoptic nucleus (MnPO) neural activity (as shown by Fosimmunoreactivity), when submitted to a high-sodium diet (4% 
NaCl) for 2 weeks, whereas no effect was registered in wild-type and heterozygous mice. Additionally, Caeiro and Vivas (2008) 7 showed that β-endorphin-MnPO administration produces a decrease in blood pressure and heart rate in normotensive animals and inhibits the pressor response evoked by an acute increase in plasma osmolality.
Numerous studies demonstrate the significant role of the μ-opioid receptor (MOR) in sodium intake regulation. The MOR, together with two other classical types of opioid receptors, κ and δ, belongs to the G-protein coupled receptor (GPCR) superfamily. All of these receptors predominantly couple to Gαi/o type inhibitory G-proteins, 8 which inhibits adenylyl cyclase activity, 9 decreases calcium ion entry 10 and increases potassium ion efflux. 11 It has been demonstrated that central injection of the selective MOR agonist
[d-Ala2,N-MePhe4,Gly5-ol]-enkephalin (DAGO) significantly increased the intake of saline solution (at both 0.6% and 1.7% NaCl)
in nondeprived rats. 12 Moreover, systemic injection of morphine increased the preference of mice and rats for normally aversive hypertonic NaCl solutions (1.5%-30% NaCl). 13, 14 Increased MOR signalling along the nucleus accumbens, ventral pallidum and central amygdala nucleus (CeA) has been mainly associated with the hedonic palatability of NaCl when it is tasted. 5, [15] [16] [17] MOR activity along the brainstem, within the lateral parabrachial nucleus (LPBN) and the nucleus of the solitary tract (NTS), mainly modulates motivated sodium/food intake and blood pressure. [18] [19] [20] [21] However, experiments such as these fail to determine the mechanisms by which endogenous MOR signalling acts to modulate sodium appetite and blood pressure regulation. The present study aimed to investigate the effect of increased salt intake (2% NaCl solution) in rats during a short period of time (4 days) on MOR mRNA expression along the MnPO and the NTS. We also explored brainstem and MnPO MOR G-protein activity (efficacy and potency), well as brainstem MOR binding capacity, to determine whether sodium overload induced any changes in the signalling and binding properties of the MOR in these brain regions.
Finally, we also examined the changes in plasma concentrations of Na + , K + and Cl − and body weight of the animals after the sodium overload. ) was radiolabelled in the Isotope Laboratory of BRC (Szeged, Hungary) and has been characterised previously. 22 The Ultima Gold MV aqueous scintillation cocktail was purchased from PerkinElmer (Budapest, Hungary).
| MATERIAL S AND ME THODS

| Chemicals
| Animals
As a result of collaboration, we used two rat strains provided by 
| Experimental design
As indicated in Figure 1 , the experimental group had access only to 2% NaCl solution (2% NaCl), whereas the control group (CON) had ad libitum access to deionised water during the 4-day protocol period, after which the animals were used for the appropriate experimental set-up. Both experimental and control groups had normal access to commercial diet. Plasma was collected from both groups (CON and 2% NaCl) at the end of the treatment to measure plasma osmolality and electrolyte concentrations. Body weight was measured in both groups at the beginning and at the end of the protocol. All primer-pairs were confirmed to be 90%-110% efficient by means of the calibration curve, with efficiencies E = 2 ± 0.1 (E = 10
and amplified a single product determined by melting curve analysis.
The primer sequences are provided in Table 1 .
| Calculations of relative gene expression
The relative quantification was determined by the ΔΔCt method with stepone, version 2.2 (Thermo Fisher Scientific Inc., Waltham, MA, USA), where the fold change of mRNA content in the unknown sample relative to control group was determined by calculating a 
| Functional [ 35 S]GTPγS binding experiments
| Saturation binding experiments
Aliquots of frozen rat brainstem membrane homogenates were 
| Plasma osmolality and electrolyte analysis
For the assay of plasma osmolality and electrolyte concentrations, Relative mRNA expression of MOR (Oprm1), plasma osmolality, weight and electrolyte concentration data were subjected to a t test, and the loci of significant effects were further analysed using a oneway ANOVA Tukey's test (type I error probability was set at .05). All experimental data are presented as the mean ± SEM. 
| Receptor binding data
| RE SULTS
| Relative gene expression of the MOR (Oprm1)
After treatments (CON and 2% NaCl), no significant differences were observed in the relative gene expression of the μ-opioid receptor (Oprm1) in any of the brain nuclei analysed (Figure 2 ).
| MOR G-protein activity measurements
To test the effect of high sodium intake treatment on MOR activity Figure 3A) . The 2% sodium intake significantly enhanced MOR agonist-mediated maximum G-protein efficacy (143.7 ± 2.3%) ( Figure 3A) , whereas the potency of DAMGO remained unaltered (pEC 50 : 6.81 ± 0.13 mol L -1 ) ( Figure 3A ).
In the MnPO homogenates, DAMGO activated MORs G-protein over the basal activity more effectively than in the brainstem because the activation resulted in 168.6 ± 3.6% MOR maximum efficacy, which is approximately 30% more than in the brainstem ( Figure 3B ).
In the MnPO, the potency of DAMGO was slightly lower than in the brainstem, at 271.4 nmol L -1 (pEC 50 : 6.56 ± 0.12 mol L -1 ) ( Figure 3B ).
However, 2% sodium chloride consumption did not cause significant changes either in G-protein efficacy (163.5 ± 5.7%) ( Figure 3B) or agonist potency (pEC 50 : 6.41 ± 0.2 mol L -1 ) ( Figure 3B ).
| MOR binding capacity measurements
In the next step, we investigated the correlation of the enhanced (Figure 4 ).
| Plasma osmolality, electrolyte and body weight analysis
No differences were observed in plasma osmolality and plasma electrolyte concentrations in control and experimental groups (Table 2) .
However, the 4 days of 2% NaCl ingestion reduced weight gains in both Wistar and Sprague-Dawley rats compared to their respective control groups (Table 3 ).
| D ISCUSS I ON
Based on previous data demonstrating the importance of MOR signalling in body sodium homeostatic responses, the present study aimed to investigate whether increased salt intake in rats may induce Sodium ion has long been known to inhibit opioid agonist binding at near physiological concentrations (100-140 mmol L -1 ) in vitro, 29, 30 and, moreover, a distinct binding pocket on the MOR has recently been described for the ion. 31 It has also been demonstrated that lower sodium concentrations increased basal G-protein coupling, which reduced the DAMGO-mediated MOR G-protein maximum stimulation. 32 The sodium ion can also promote the activation of the MOR by enhancing the movement of water molecules toward the allosteric site, as indicated by molecular dynamics simulations.
33
Although there were no differences in plasma sodium concentration between control and experimental groups when monitored after 4 days of 2% NaCl ingestion, sodium concentrations may change during the 4-day study, contributing to the enhancement of Gprotein activity. Thus, a "sodium effect" on MOR binding and signal-
ling cannot be entirely excluded.
Another interesting observation of this model was that, despite the plasma sodium concentration and osmolality remaining at the physiological level, reflecting the different types of efficient renal compensatory mechanisms, the body weight of animals after 4 days of 2% NaCl ingestion was significantly lower than that of the control group (Table 3) . This may reflect a loss of body fluid stimulated by renal mechanisms that attempt to compensate for the high plasma sodium concentration, and particularly the natriuresis-driven diuretic water loss mechanism. On the other hand, our preliminary food intake data (not shown) indicate that there is a comparatively reduced food intake in sodium overload animals, which may also explain their body weight loss. However, another mechanism triggered by dietary high salt intake during long-term studies (100-200 days)
has been described recently. 34 In this case, high salt intake may reprioritise osmolality and energy metabolism for body fluid conservation (mainly by urea production by liver and skeletal muscle), which provokes a reduction in body weight. This stage may be still not reached in our short-term study.
The brainstem pathways leading to the perception of salt in- 39 In addition to receiving gustatory information about salt, it is important to take into account that a bi-directional opioidopioid signalling pathway exists between the rostral NTS and the CeA, which influences appetitive behaviours such as food intake via MORs. 40 A similar opioid circuitry exists within the LPBN that projects to the CeA, which then activates the mesolimbic reward system involved in the motivation to consume salt and its rewarding palatability. 5, 17, 41 In conclusion, the results of the present study have revealed that acute sodium overconsumption increases the maximal efficacy of MORs G-protein, increasing the receptor activity for signalling within the brainstem. This probably reflects the influence of the endogenous brainstem μ-opioid receptor system with respect to regulating the maintenance of normal blood pressure levels and/or enhancing sodium taste aversion and sodium overload-induced anorexia in response to central and visceral homeostatic inputs. For further studies, it would be interesting to examine whether the enhanced MOR G-protein activity further affects Gi/o-mediated signalling, such as adenylate cyclase activity.
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